We investigated the utility of a noninvasive respiratory inductive plethysmograph (RIP) to continuously monitor and record the breathing pattern of 44 Either rib cage or abdominal paradox will cause the absolute sum of the TCD to increase out of proportion to the tidal volume and the TCDNT will be greater than unity (Fig 2) . In addition, any timing or phase delay between the rib cage and abdominal compartments will also increase the TCD/VT, as seen in patients with chronic obstructive pulmonary disease using an analogous measurement. 17 The percentage that the rib cage contributed to the tidal volume (%RC/VT) was continuously displayed by RIP on a breath-by-breath plot and denoted as %RC. Therefore, respiratory alternans could be discriminated as a cyclical and repetitive variation in the %RC of >75 percent over three to four breaths. In addition, abdominal paradox6 by definition would be a sustained %RC that was >100 percent, whereas rib cage paradox (such as in upper airway obstruction) would have a %RC value that was continuously negative.
Weaning Parameters
All patients routinely underwent measurement ofweaning parameters and arterial blood gases prior to their weaning trials or extubations. Spontaneous f, tidal volume (VT), vital capacity (VC) and minute ventilation (VE) were measured using a hand-held respirometer (Boehringer, Wynnewood, PA). A maximal negative inspiratory pressure (MIP) was measured with an Inspiratory Force Meter (Boehringer) following the suggested method of Marini et al. 18 Inspiratory Effort Quotient The inspiratory effort quotient (IEQ), as elucidated by MilicEmili,"9 helps to define a "fatiguing threshold" (0.15-0.20) above which respiratory muscle fatigue is thought to occur.20 It is calculated using the equation IEQ = (kVT/CDYN) x (Ti/TToT) + MIPW where CDYN is dynamic compliance and where k is estimated to equal 0.75 in ICU patients."9 The IEQ was calculated for the failure group at baseline and when the patients failed using the VT and TI/TToT recorded by RIP, CDYN as measured by the method of Bone,2" and the MIP which was obtained with the weaning parameters. In five of the 14 patients, the MIP had been obtained longer than eight hours prior to their decompensation and they were eliminated from the IEQ analysis; in the remaining nine patients, the IEQ was calculated on the assumption that their MIP and CDYN had not changed significantly 
Data Analysis
Results were recorded as mean ± SEM and represent either the absolute parameter (f, TCD/VT, %RC, TI/TToT) or the % change (VT, Vi, VT/TI) which occurred in that parameter over a one-hour period. In the 14 patients who developed respiratory failure ("failure group"), intragroup comparisons were made between the ten-minute period immediately prior to the reinstitution of mechanical ventilation vs the ten-minute epoch exactly one hour before this. Because seven of the failure patients were intubated and seven had been extubated, the control patients were analyzed during the first and last ten minutes of the one hour period just prior to extubation while breathing on IMV = 0 and no positive airway pressure (controls-intubated) as well as during the first and last ten minutes of the first hour following extubation (controls-extubated). Results are given for the first and last ten-minute epochs during each hour. Intergroup comparisons were made between the failure-intubated vs control-intubated groups and the failure-extubated vs controlextubated groups so that any bias due to breathing through an endotracheal tube22 was eliminated. The experimental data were analyzed as a two-factor factorial with repeated measures on one factor. In the presence of a significant interaction effect, tests on simple main effects were then conducted.23 The IEQ and the arterial partial pressure of carbon dioxide (PaCO2) at the time when the patients' required reinstitution of mechanical ventilation vs 60 min prior to failure were compared by the paired t-test. The weaning parameters of the control and failure patients were examined by the unpaired t-test. A p<0.05 was considered statistically significant. The predictive power of each significant parameter or combination thereof was determined using the following formula:24 diagnostic accuracy = (true positives + true negatives)/(true positives + true negatives + false positives + false negatives). A total of 74 one-hour periods was used for this calculation (14 failure periods, 30 controlintubated periods and 30 control-extubated periods).
RESULTS

Patient Population
The population who developed respiratory failure consisted of ten men and four women with an average age of 78 ± 3 years (range, 57 to 86 years) who had been mechanically ventilated for 7. 1 + 1.8 days. Diagnosis included cardiogenic pulmonary edema (n = 5), status post (S/P) abdominal or thoracic surgery (n = 3), chronic obstructive pulmonary disease (n =2), and aspiration pneumonia (n = 4). Seven patients were intubated at the time of their decompensation, while seven had been extubated. Respiratory failure developed 19.4 ± 5.2 h (range, 1.5-48 h) after weaning had begun or extubation had occurred. None of the patients required any further resuscitation beyond reinstituting mechanical ventilatory support. The control group contained 11 women and 19 men whose ages ranged from 35 to 94 years (76 + 2 years) who had been mechanically ventilated for 5.5 + 1.0 days. Diagnosis included cardiogenic pulmonary edema (n = 14), S/P abdominal or thoracic surgery (n = 9), chronic obstructive pulmonary disease (n = 5), stroke (n = 1), and drug overdose (n = 1). All patients had acceptable weaning parameters which were similar (Table 1 ) except for a lower mean VE in the failure group. These parameters were measured prior to the weaning trial by a hand- held respirometer (not by RIP).
Respiratory Rate
The respiratory rate increased significantly (p<0. 001) in the intubated and extubated failure patients during the one hour preceding reinstitution of mechanical ventilation (Table 2) . No significant changes occurred in the control groups, nor were the initial periods different between any of the groups. However, respiratory rates during the failure periods were significantly higher (p<0.002) when compared to their respective control groups (Table 2) .
TCD/VT
The TCD/VT increased in every patient who failed (Fig 3) . Initially, no significant differences existed between the groups (Table 2) . When the failure patients required mechanical ventilation, however, the TCD/ VT had significantly increased more than their initial *Data presented as mean ± SEM for ten-minute epochs. Respiration rate, f; total compartmental displacement, TCD; tidal volume, VT. tFor the failure groups, the "final" measurements refer to the ten minute period (mean ± SEM) immediately prior to the reinstitution of mechanical ventilation and the "initial" period to the ten-minute epoch exactly one hour before this. The control-intubated measurements were the mean ± SEM for the first ("initial") and last ("final") ten-minute period during one hour of breathing on an intermittent mandatory ventilation rate of zero with no added positive airway pressure. The control-extubated data included the first and last ten-minute epochs during the hour immediately following successful extubation in the same patients. values (p<0.001) (Fig 3) as well as when compared with their respective intubated and extubated controls (p<0.001; Table 2 ).
Respiratory Alternans
Eleven of the 14 patients demonstrated respiratory alternans as documented on the compressed plot of the RIP breathing pattern (Fig 4) . Clinically however, this was mucli more difficult to detect because the alteration between the rib cage compartmient and the abdominal compartment often occurred over a series of breaths and therefore was not readily appreciated by the observers. Clinically discernible abdominal paradox occurred in one patient who also had the highest PaCO2 recorded (80 mm Hg). His RIP tracings showed a five-minute period of respiratory alternans followed by five minutes during which his %RC was continuously greater than 100 percent.
Tidal Volume and Minute Ventilation
Tidal volume decreased by 8±13 percent in the failure patients (p>O. 1). Seven Inspiratory Effort Quotients Inspiratory effort quotients were computed in nine of 14 respiratory failure patients. Only five of these nine had ABGs available and therefore no comparisons between ABCs and IEQ were done. None of the IEQ were initially greater than the "fatiguing threshold" (0.15 to 0.20), whereas six of nine patients' IEQ were equal to or greater than 0.15 when respiratory failure developed- (Fig 5) . These latter IEQ calculations were based on the assumption that neither MIP nor CDYN had significantly changed. If either or both had decreased during the failure period (which may have occurred considering that respiratory failure ensued), then the IEQ would be underestimated by our calculations. Significant intrinsic positive end expiratory pressure (PEEP), which is detectable on RIP tracings by an increase in end-expiratory thoracic gas volume (Fig 1) and which would have required modification of the IEQ,19 was not seen in our patients.
Predictive Power of Parameters
An increase in f >11 breaths/min occurred in eight of 14 of the failure periods and in four of 60 control periods (diagnostic accuracy=86 percent, Table 3 ).
Respiratory alternans was present in 11 of 14 of the failures and in five of the control periods (diagnostic accuracy = 80 percent). An elevation ofTCD/VT >0.22 also occurred in 11 of 14 failure tracings, but in only three control periods (diagnostic accuracy=92 percent). No more than one of these changes was present in any single control, whereas at least two were present in 13 of 14 failure periods (post hoc analyses). Therefore, the presence of 2/3 abnormal parameters (increase in f >11, increase in TCDIVT >0.22, and/or respiratory alternans) occurring over one hour had a diagnostic accuracy approaching 99 percent in these 44 patients (74 periods).
DIscusSION
Inability to be successfully weaned from mechanical ventilatory support, as well as the need to institute or reinstitute such support, often is due to the inability of the patient's respiratory muscles to keep pace with ventilatory demands. 1, 3 Therefore, the decision to discontinue mechanical ventilation is usually preceded by a clinical trial of spontaneous breathing while the patient remains intubated."14 This "endurance evaluation" can be as short as a few minutes in the postoperative state to as long as 24 hours in long-term ventilator-dependent individuals. Intermittent, informal breathing pattern analysis (ie, recording of f, estimation of the VT) is usually coupled with intermittent laboratory tests (ABG, MIP, spiromery) during the periods immediately preceding and following ex- (Fig 2) . Gilbert et al26 described asynchronous breathing in six of ten patients who required intubation secondary to exacerbation of chronic obstructive pulmonary disease (COPD). This abnormal breathing pattern was present in only five of 25 similarly afflicted patients with COPD who recovered without being placed on mechanical ventilation. In our study, all the unsuccessfully weaned or reintubated patients had an increase in their TCD/VT measurements (Fig 3) . In et al. 25 Roussos3 has suggested that rib-cage abdominal "discoordination" is a sign of developing respiratory muscle fatigue which is adapted as a protective mechanism against exhaustion. The present findings are consistent with this concept in that increases in TCD/VT, which occurred in all the patients who failed (Fig 3) , were detected prior to the onset of respiratory alternans.
Respiratory muscle fatigue is objectively measured using diaphragmatic EMG power spectrum shifts or Pd,.5 Cohen et a16 and Roussos3 suggested that muscle fatigue underlaid the inability of their patients to wean successfully The data using Pdi measurements during unsuccessful weaning attempts is more controversial.
Although changes in Pdi alone failed to explain the hypercarbia which developed in a small heterogenous group of patients who required reinstitution of mechanical ventilatory support,10 the ratio of Pdi to maximum transdiaphragmatic pressure (obtained during a Mueller maneuver) appeared to be more predictive in another group of patients with COPD. 28 MilicEmili19 suggested that the IEQ, by incorporating the main factors which promote respiratory muscle fatigue, may help to predict unsuccessful weaning outcomes. None of the IEQ in our patients who failed had elevated values prior to failure; however, six of nine had increases greater than the fatiguing threshold within one hour (Fig 5) . This suggests that relative inspiratory muscle fatigue developed over time, especially when viewed in association with asynchronous rib cage-abdominal efforts (increase in TCD/VT), which occurred to some degree in every patient in the failure group (Fig 3) . The actual causes of respiratory failure were not investigated but also could have included a worsening of pulmonary mechanics, increasing metabolic demands and/or muscle weakness. 3 Accurate predictors of respiratory failure exist for only a few diseases. Although standard weaning criteria'3" 4 are usually helpful, they are unfortunately neither 100 percent sensitive nor specific. Neuromuscular drive as measured by airway occlusion pressure (Po.,) has recently been shown to have some predictive value in patients with COPD,29 whereas diaphragmatic strength as assessed by transdiaphragmatic pressure (Pdi) was not helpful.'028 In our study, none of the weaning parameters nor initial breathing patterns was predictive of failure or success (Table 1) . However, trend monitoring using RIP has been helpful." Indeed, in our patient population, we found that the combination of two out of three criteria derived from monitoring with RIP for one hour (increase in respiratory rate >11, increase in TCD/VT >0.22, and/or respiratory alternans) had a diagnostic accuracy of 99 percent in rapidly and noninvasively assessing respiratory failure (Table 3) . Although future studies will be necessary to corroborate and expand these findings, it is apparent that continuous breathing pattern analysis has opened up a new and pragmatic approach to monitoring the critically ill pulmonary patient. 19 
